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We report the first observation of stimulated emission of terahertz radiation from internal transitions
of excitons. The far-infrared electromagnetic response of Cu2O is monitored via broadband terahertz
pulses after ultrafast resonant excitation of three-dimensional 3p excitons. Stimulated emission from
the 3p to the energetically lower 2s bound level occurs at a photon energy of 6.6 meV, with a cross
section of ∼ 10−14cm2. Simultaneous excitation of both exciton levels, in turn, drives quantum
beats which lead to efficient terahertz emission sharply peaked at the difference frequency.
PACS numbers: 71.35.-y, 78.47.+p, 42.65.-k
The concept of excitons has been exceptionally suc-
cessful in describing the complex many-body problem of
a photoexcited semiconductor in the dilute limit [1, 2].
These quasi-particles can effectively be described as a
hydrogen-like entity of an electron bound to a hole via
the long-range Coulomb interaction. Thus, excitons are
analogous to bound states in many other physical systems
such as atoms or nuclei. These aspects have motivated
the search for macroscopically ordered states and Bose-
Einstein condensation also in excitons [3, 4]. Cuprous ox-
ide (Cu2O) is a semiconductor that hosts a uniquely well-
defined Rydberg series of bound excitonic states with
sharp visible absorption lines and is one of the most
promising candidates in this field [5, 6].
Most of the spectroscopic information on excitons has
been extracted from optical techniques probing interband
transitions. However, such experiments provide only in-
direct access to the internal structure. A most direct ap-
proach to investigate intra-excitonic absorption requires
studies in the mid to far infrared spectral domain [6–8].
In recent years various sources for terahertz (THz) ra-
diation have been developed [9]. THz spectroscopy has
evolved as a powerful tool for probing low-energy exci-
tations in semiconductors with ultrafast temporal reso-
lution [7, 10, 11]. Recently, absorption of THz radiation
promoting ground state excitons into higher bound en-
ergy levels was used to explore exciton formation dynam-
ics on a picosecond timescale [7].
Theoretical studies suggest how the underlying elemen-
tary quantum processes could be effectively reversed to
induce terahertz gain from inverted exciton populations
[12, 13]. Stimulated emission of electromagnetic radia-
tion constitutes a fundamental process in physics, but –
to the best of our knowledge – it has not yet been ob-
served between internal exciton levels.
In this Letter, we report the first direct observation
of stimulated emission of terahertz radiation from intra-
excitonic transitions. After resonant photoexcitation of
3p excitons in the semiconductor Cu2O we use broadband
THz pulses to induce internal dipole transitions to the 2s
state. This process manifests itself via a negative change
of the absorption coefficient at the resonant photon en-
ergy of 6.6 meV. Incoherent population inversion and co-
herent resonant Raman scattering both contribute to this
effect. Furthermore, we demonstrate a novel scheme for
resonant THz generation via beating of the 3p and 2s
states simultaneously excited by visible light pulses.
All experiments are performed at low temperature
(T = 6 K) in a 330-µm-thick, naturally grown high-
quality Cu2O crystal. The visible absorption spectrum,
shown in Fig. 1, is dominated by a series of sharp lines
originating from the 2p, 3p, 4p, and 5p excitons (yel-
low series), followed by the continuum of unbound states.
Owing to the positive parity of the valence and conduc-
tion band minima at the Brillouin zone center, even par-
ity s- and d-excitons are dipole forbidden [14]. Fig. 1
shows a detailed exciton term scheme, with the energy
difference to the 3p level given on the left. Far infrared
transmission measurements confirm the unexcited sam-
FIG. 1: (color online). Optical absorption spectrum of the
Cu2O crystal studied in this work, at T = 6 K. Exciton ab-
sorption lines exhibit widths of 3.6 meV (2p) and 1.8 meV
(3p). The term scheme indicates the yellow exciton series,
with energy differences given with respect to the 3p exciton
level [14]. Resonant excitation of 3p excitons is indicated by
the thick upward arrow (a corresponding typical pump spec-
trum is shown by the dashed curve). Internal exciton transi-
tions from p- to s- or d-states are dipole allowed (solid arrow).
2ple to be transparent with no absorption features in the
window between 1 and 12 meV.
Our experimental scheme is based on an ultrafast re-
generative Ti:sapphire amplifier operating at 250-kHz
repetition rate, which delivers 42-fs light pulses at a cen-
ter wavelength of 800 nm. Nearly bandwidth-limited
light pulses tunable around 575 nm wavelength are ob-
tained by subsequent optical parametric amplification.
We use a grating-based pulse shaper to tailor the en-
ergy and width of these visible pulses, in order to selec-
tively photoexcite specific bound exciton states or the
continuum of unbound electron-hole (e-h) pairs. A re-
sulting typical pump spectrum is indicated by the dashed
curve in Fig. 1. Ultrashort THz probe pulses are obtained
by optical rectification of a second branch of the near-
infrared laser output in a 500-µm-thick ZnTe crystal.
The real-time electric field trace ETHz(t) of the trans-
mitted THz pulse is recorded by means of electro-optic
sampling with a large signal-to-noise ratio of 105. Owing
to THz field measurement directly in the time-domain,
both real and imaginary parts of the optical response are
obtained on equal footing.
In a first set of experiments, we resonantly excite the
Cu2O sample at specific exciton absorption lines and fol-
low the subsequent transient changes in the far-infrared
response via a time-delayed THz pulse. Figures 2(a)-(c)
show the transmitted THz field ETHz(t) without pho-
toexcitation (thin lines, downscaled by a factor of 500),
and its transient change ∆ETHz(∆t, t) (thick lines) in-
duced by photoexcitation at three characteristic wave-
lengths. The temporal delay between the yellow pump
pulse and the electro-optic gating pulse is kept fixed at
∆t = 1 ps. Differential transmission spectra ∆T/T cor-
responding to each case are shown in the right panels
of Fig. 2. The response reveals a critical wavelength de-
pendence: excitation in the continuum [Figs. 2(a),(d)] or
at the 2p resonance [Figs. 2(c),(f)] induces electric field
transients that resemble the reference pulse with a phase
offset. A featureless broadband decrease of transmission
results. In contrast, resonant excitation of 3p excitons
shows a very different shape of the induced field and a
strongly structured transmission change [Figs. 2(b),(e)].
In particular, we find a remarkable increased transmis-
sion around 6.6 meV photon energy.
We now use the full knowledge of the THz electric fields
in both amplitude and phase to determine directly the
change of the complex refractive index n˜(ω) ≡ n(ω) +
i c2ωα(ω), where n denotes the real part of the refractive
index and α is the absorption coefficient. Since the ex-
citation density decays exponentially along the propaga-
tion length z inside the crystal, we express the locally in-
duced change as ∆n˜(z, ω) = ∆n˜(ω) exp{−αvisz}. Here,
αvis is the absorption coefficient in the visible (Fig. 1)
and ∆n˜(ω) refers to the pump-induced change at the en-
trance face of the crystal. Based on this information and
including the known refractive index of Cu2O [15], the
complex transfer function of the photo-excited sample
may be calculated via the well-established Fresnel ma-
FIG. 2: (color online). (a)-(c) Pump-induced changes ∆ETHz
(thick lines) at ∆t = 1 ps after excitation, and reference THz
fields ETHz (thin lines) without excitation. The reference
fields are downscaled by a factor of 500 for better visibil-
ity. Pump spectra are centered (a) in the continuum at 2.206
eV, (b) at the yellow 3p exciton line, and (c) at the 2p exci-
ton line. (d)-(f) Corresponding relative transmission changes
∆T/T . Arrow: enhanced transmission at 6.6 meV.
trix formalism. In turn, we directly obtain the induced
change of the refractive index and absorption at each
frequency by varying ∆n˜(ω) and fitting the resulting re-
sponse function to the experimental data. All relevant
results discussed in the following are insensitive to the
exact parameters used in the analysis.
Figure 3 displays the differential changes ∆n and ∆α
obtained from the traces in Fig. 2. Continuum excita-
tion [topmost curves in Figs. 3(a),(b)] results in a pre-
dominantly inductive THz response, well explained by
the Drude theory (dashed-dotted lines) of a conducting
e-h gas. In contrast, resonant 2p excitation induces only
small changes in the refractive index (lowest curves in
Fig. 3) as expected for insulating, bound states. The
most striking response is obtained after selective exci-
tation of the 3p interband resonance, yielding a pro-
nounced spectral structure in both ∆α and ∆n. With
increasing frequency, a peak of enhanced absorption oc-
curs at 4.5 meV, followed by a narrow minimum of ∆α
at 6.6 meV. Indeed, here the induced absorption becomes
negative. We emphasize three key aspects of this obser-
vation: (i) unexcited Cu2O shows no discernible THz ab-
sorption in this frequency range, (ii) the minimum with
∆α < 0 appears exclusively after resonant excitation of
3p excitons, and (iii) the observed resonance energy of
6.6 meV is precisely identical with the 3p–2s level spac-
ing (Fig. 1). Hence, we can identify the negative absorp-
tion peak as stimulated emission of THz radiation via the
3p→ 2s intra-excitonic transition.
For further analysis, we model the lineshape of the THz
3FIG. 3: (color online). THz response at ∆t = 1 ps after exci-
tation of 2p or 3p excitons, or the continuum. (a),(b) Changes
of refractive index ∆n and absorption ∆α (solid lines, offset
vertically for clarity). Dash-dotted lines: a Drude response
(topmost curves) with screened plasmon energy ~ωpl = 0.3
meV and damping Γ/2pi = 0.4 meV. Dashed lines: model of
three oscillators (lower curves) with energies (and linewidths)
E1 = 4.5 meV (2.5 meV), E2 = 6.6 meV (1.6 meV), and
E3 = 9.5 meV (4 meV), and relative oscillator strengths as
given in the text. The vertical arrow marks the negative
absorption change occurring around 6.6 meV. (c) Ultrafast
pump-probe dynamics of the induced change of the THz field
at corresponding pump energies.
response upon 3p excitation. A faithful representation of
the experiment is achieved with a model of three oscilla-
tors (dashed lines, Fig. 3). By comparison with the term
scheme of Fig. 1, we attribute the lowest-frequency oscil-
lator centered at 4.5 meV to the joint effects of 3p→ 4s
and 3p→ 4d transitions. The center oscillator at 6.6 meV
exhibits a negative oscillator strength, in accordance with
the 3p → 2s stimulated emission. Finally, a component
at 9.5 meV phenomenologically describes all transitions
to higher bound states. The relative oscillator strengths
f1:f2:f3 = 2.7:(-1):1.1 agree qualitatively with a hydrogen
model [4.4:(-1):2], thus supporting this assignment [16].
A more rigorous theory should also take into account
the partial d-character of the 2s exciton in Cu2O, as de-
scribed in Ref. 14. With an estimated density of 3p exci-
tons of 3 × 1013 cm−3 we obtain a cross section for the
3p → 2s transition of σ ≈ 10−14 cm2. This value com-
pares well with order-of-magnitude estimates based on
hydrogenic exciton wavefunctions [12].
It should be noted that the THz emission may be sen-
sitive to two types of excitations [13, 17]: (i) coherent
FIG. 4: (color online). THz generation in Cu2O: (a) Real
time trace and (b) normalized power spectrum of THz pulses
(FWHM: 1.7 meV) obtained with the pump centered at
2.157 eV (close to the 3p resonance). The spectral width
of the pump pulse is 12 meV (FWHM). Inset: term scheme
of the underlying quantum process. (c),(d) THz emission for
pump centered at 2.168 eV. (e) The emitted THz power for
excitation at 2.157 eV scales quadratically as a function of
the pump pulse energy.
excitonic polarizations, where THz emission results from
stimulated Raman scattering as a single-step nonlinear
optical process: the THz field coherently couples po-
larizations from the 3p to the 2s state, from which in
turn visible pump photons are scattered into the THz
field. (ii) incoherent exciton populations, where stimu-
lated emission is driven purely by population inversion
and subsequent hot luminescence, analogous to atomic
lasers. The relative importance of these processes de-
pends on the polarization and population decay times.
A dephasing time for the 3p level can be estimated from
the visible linewidth, which yields T2 ≈ 0.7 ps assum-
ing predominantly homogeneous broadening for our high-
quality Cu2O crystal. Population relaxation can be de-
duced from the dynamics of the induced THz response.
Fig. 3(c) depicts an increasingly faster exponential decay
as we turn from continuum states (τ = 36 ps), via the
3p (τ = 1.3 ps) to the 2p exciton (τ = 0.8 ps). The
relative spectral shape does not vary strongly in time
(not shown). The relaxation is explained by recombina-
tion and scattering into 1s excitons mediated by optical
phonon interactions [18]. On this basis, stimulated THz
emission after 3p excitation occurs both during an initial
regime of coherent excitonic polarizations and from the
subsequent incoherent inverted population.
In the following, we show that coherent manipulation
of the 3p → 2s transition may be exploited to emit
THz radiation even without stimulation by external THz
fields. For this second set of experiments, the pump spec-
4trum is tuned to simultaneously overlap both the 3p and
the dipole-forbidden 2s resonances. No THz probe light
is incident on the sample. We observe emission of a co-
herent THz field shown in Fig. 4(a). The transient is de-
tected electro-optically by scanning the delay ∆t between
the visible pump and the gating pulse. The correspond-
ing power spectrum in Fig. 4(b) peaks at 6.6 meV and
exhibits a width of 1.7 meV (FWHM). This lineshape
coincides with the values deduced from the 3p → 2s
transition in Fig. 3, corroborating that the THz transient
originates from the same internal exciton transition. The
absolute size of these emitted fields is comparable to the
transients ∆ETHz in Fig. 2 stimulated by a far-infrared
seed pulse. This fact implies that the generation mech-
anism cannot be explained by a spontaneous version of
the emission process discussed above. Moreover, we find
that the THz polarization is parallel to the linear polar-
ization of the pump light. In contrast, the polarization of
the stimulated change ∆ETHz, described further above,
is determined by the probe pulses.
We interpret this THz emission as resulting from quan-
tum beats between coherent exciton polarizations. Visi-
ble light induces 3p exciton polarizations, while the low-
energy wing of the pump spectrum couples the 2s level
to the ground state, e.g. via a weak quadrupole or sur-
face field assisted dipole transition [12, 19]. As 3p and
2s states feature opposite parity, quantum beats between
them act as a radiating dipole. The THz generation may
be expressed as an effective difference frequency process,
described by the nonlinear susceptibility [20]
χ
(2)
eff ∝
M3pM2sM3p−2s
(ω − ω3p + iΓ3p)(ωTHz − ω3p−2s + iΓ3p−2s) ,
where M3p and M2s are the visible interband matrix el-
ements and M3p−2s is the THz dipole matrix element.
Furthermore, ω and ωTHz are the frequencies of visible
pump and emitted THz fields, and ω3p and ω3p−2s are
visible 3p and THz 3p→ 2s resonance energies with cor-
responding dephasing constants Γi. The three-wave in-
teraction is schematically indicated in Fig. 4(a). In our
experiment both terms in the denominator become reso-
nant, which leads to a high nonlinearity despite the rela-
tive weakness of the coupling between 2s excitons and the
ground state. Off-resonant pumping reduces the conver-
sion efficiency dramatically [Figs. 4(c),(d)]. As shown in
Fig. 4(e), the emitted THz intensity scales quadratically
with the pump power which further supports this χ(2)
picture. From the pulse intensities and effective interac-
tion length we estimate a nonlinearity of χ(2)eff & 10 pm/V.
This value exceeds the high background nonlinearity of
non-centrosymmetric materials such as ZnTe, which is
widely used for THz generation [21].
In conclusion, we report the first direct observation
of stimulated emission of electromagnetic radiation from
internal transitions of excitons. Furthermore, we demon-
strate that such atomic-like transitions in Cu2O may also
be employed for efficient THz generation via a doubly
resonantly enhanced nonlinearity. While the measured
stimulated emission is still too weak to give rise to over-
all THz gain, the scheme is upscalable. Because of the
rather large absorption length of ∼ 30 µm for visible
light in Cu2O, the excitation densities reached in our
setup are several orders of magnitude below the exci-
tonic Mott density. Thus, higher pump energies make
this approach potentially interesting for efficient ampli-
fication of THz radiation. Similar experiments may now
also become possible in custom-tailored semiconductor
nanostructures opening up entirely new perspectives.
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